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INTRODUCTION 

For the  production of pipel ine gas, c o a l  g a s i f i c a t i o n  processes operating 
a t  elevated pressure and a low gas exit temperature produce a raw gas with a 
high methane content; t h i s  in tu rn  leads t o  lower investment and operat ing 
cos t s  than f o r  processes t h a t  produce CO and 
do not  form s ign i f i can t  amounts of methane.(l, 2)* 
ca t ion  process using two react ion s tages  operat ing a t  70 atm pressure of fe rs  
promise f o r  high y ie lds  of methane and the  a b i l i t y  t o  process a l l  types of coal  
regardless  of caking proper t ies  o r  s i ze  cons is t .  

as the  p r i n c i p a l  products and 
An ent ra ined  c o a l  gas i f i -  

To achieve the  required rapid react ion i n  an ent ra ined  system, both a 
reac t ive  f u e l  and a means f o r  rapid heating a r e  necessary. 
t i o n  of bituminous coa l  o r  l i g n i t e  i s  such a f u e l  and to u t i l i z e  it properly 
f o r  generation of gas of a high methane content, a two-stage super-pressure 
process has been devised. In  t h i s  process,  heat  and "Stage 1" 
or synthesis  gas a re  generated in Stage 1 by gasifying recycle  char  under s lag-  
ging conditions with oxygen and steam. 
introduced i n t o  the  hot synthesis  gas i ssu ing  from Stage 1. 
thereby rap id ly  heated t o  react ion temperature of about 1750 F and p a r t i a l l y  
converted i n t o  gas with a high methane content, mainly by pyrolys is  of the  
v o l a t i l e  port ion of t he  coa l  by react ion with steam and Stage 1 gas.  
mate conversion i n t o  high Btu pipel ine gas, t he  combined gases laden w i t h  
unreacted char leave Stage 2 and pass successively through dus t  removal, s h i f t  
reac t ion ,  a c i d  gas removal and methanation s teps .  

The v o l a t i l e  por- 

(See Figure 1.) 

In Stage 2 f r e s h  c o a l  and steam a r e  
The f r e s h  coal  i s  

For u l t i -  

As the  process contains two s tages ,  i t  has two types of problems t h a t  
required fu r the r  study: 
the process. 
pheric  pressure has been done successful ly  on a commercial sca le . (3)  
ging gas i f ica t ion  a t  e levated pressure,  processes have been developed on .an 
experimental sca le  by various groups including the  Bureau of Mines in t he  
United S ta tes ,  and the Gas Council i n  England.(k) These inves t iga t ions  have 
shown t h a t  slagging coa l  gas i f ica t ion  a t  elevated pressure is  f eas ib l e  and t h a t  
development of a commercial process w i l l ,  except f o r  the  c o n t r o l  of meta l l ic  
I ron fonnation, be pr imari ly  a design problem. 

The f i r s t  per ta ins  t o  the  s lagging zone o r  Stage 1 of 
The production of gas by slagging g a s i f i c a t i o n  of c o a l  at atmos- 

For slag- 

This previous work' has a l s o  

* Numbers i n  parenthesis  r e f e r . t o  Li te ra ture  References l i s t e d  a t  end of 
paper- 
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shown t h a t  meaningful r e s u l t s  can only be obtained by experimentation on a scale  
t h a t  Provides a minimum s lag  flow of 200 lb /hr ,  corresponding t o  a 1 ton/hr 
p i l o t  plant  using c o a l  with 10 percent ash. 

The second pertains t o  the "d i r ec t  methanation" zone, o r  Stage 2 Of the  
Process.  
v o l a t i l e  port ion of coa l  f o r  gas production, little information i s  avai lab le  
on the  Primary formation of methane d i r e c t l y  fram it. 

conducted t o  f i l l  the  gap i n  our knowledge concerning the rate of formation Of 
methane under conditions preva i l ing  i n  Stage 2 of t h i s  proposed tWO-Stage super- 
pressure process.  

Although various processes have been devised f o r  u t i l i z a t i o n  Of the  

This paper. reports  the  r e s u l t s  of laboratory-scale  research which has been 

In the  experimental s tud ies ,  t e s t s  have been made on t he  d i r e c t  Steam 
methanation of coa l  i n  two types of equipnent.  
i n  small rocking-type high-pressure autoclaves.  Continuous flow experiments 
have been made in a 1-inch reac tor ,  5 f t  long, under Stage 2 condi t ions using 
simulated Stage 1 gas. 

Tests in Batch Autoclaves 

Batch t e s t s  have been conducted 

In the batch s tudies  of the  d i r e c t  steam methanation of coal ,  dupl ica te  
autoclave systems were employed t o  obtain da ta  a s  rap id ly  as poss ib le  without 
delay f o r  cooling and reheating. One of t he  systems i s  s h a m  diagrammatically 
i n  Figure 2 .  
s t rength  a l loys ,  19-9 s t a i n l e s s  s t e e l  DL a l loy ,  t o  permit operation a t  temper- 
a tu re s  up t o  1500 F and pressures up t o  10,000 p s i .  The s p e c i a l l y  designed 75 
m l  auxi l ia ry  feed vesse l  provides means f o r  charging up t o  30 g coa l  as a 40 
weight percent s lu r ry .  
Figure 3 together  with an exploded view of the  feed v e s s e l  f i t t i n g s .  

Both the  feeder and reac tor  vessels  a r e  fabr ica ted  of super- 

A view of the  o v e r a l l  reac tor  assembly i s  shown in 

In a t y p i c a l  operation, a weighed charge of c o a l  s lu r ry ,  cons is t ing  of a 
mixture of 40 weight percent of minus 325 mesh c o a l  and 60 weight percent 
water w i t h  o r  without added sodium carbonate ca t a lys t ,  was i n j e c t e d  rapidly by 
means of hydraulic pressure i n t o  the  preheated, rocking autoclave containing a 
measured volume of nitrogen t r ace r  gas. 
steam and reacted with the  c o a l  forming methane and o ther  gases. 

The water i n  t h e  s l u r r y  f lashed  i n t o  

The gaseous react ion products were sampled on a spec i f ied  time schedule 
and analyzed by chromatography. After the system had cooled following the 
t e s t ,  the  res idua l  gases were co l lec ted  and the residues,  cons is t ing  mainly 
of carbon and ash, were removed, weighed, and analyzed. 

Tests  were made under control led,  but  widely varied, condi t ions.  The 
time of react ion was var ied frcm 2 t o  I20 minutes; the temperature from 730 C 
t o  770 C; the  pressure f rom 60 t o  350 atmospheres. The experimental  data and 
results a re  summarized i n  Tables 1 and 2. 

In Table 1, the d a t a  and r e su l t s  a r e  given f o r  those t e s t s  i n  which gas 
samples were taken only a t  t h e  end of the tests. 
r e s u l t s  a re  given f o r  those tests i n  which gas samples were taken a t  s t a t ed  

In Table 2, t he  d a t a  and 
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i n t e rva l s  during the test  as wel l  as a t  the  end. 
a d d i t i o n a l  in fomat ion  was obtained on the  e f f e c t s  of time on t h e  react ions.  

By t h i s  latter procedure, 

Tests  in Continuous Flow Reactor 

I n  the flow experiments under Stage 2 conditions using simulated Stage 1 
gas, a continuous flow reac tor  with a design capaci ty  of 5 lb/hr ,  a maximm 
operat ing temperature of 1800 F (loo0 C )  and a maximum working pressure Of 1500 
P s i  (100 a b )  was used. A schematic i l l u s t r a t i o n  of t h e  t o t a l  system Using 
Slur ry  feeding uf c o a l  is shown in Figure 4 and general  view of the  safe ty  s t d l  
and c o n t r o l  a rea  is shown in Figure 5. 

3-inch Outside diameter and a 1-inch ins ide  diameter (Figure 6 ) .  
operat ing conditions,  t he  r e a c t o r  volume of about 800 m l  provides for a resi- 
dence time of severa l  seconds. 
sec t ions  of the  r e a c t o r  furnace are independently cont ro l led  by temperature- 
recorder con t ro l l e r s  t h a t  regula te  sa turab le  core transformers.  
piston-type pump is used t o  feed the  s l u r r y  of c o a l  i n  water. 
Stage 1 gas, i . e . ,  simulated product gas f r o m  Stage 1, is fed  i n t o  the  s l u r r y  
stream at  the  discharge port of the p m p  t o  f a c i l i t a t e  t rouble- f ree  flow of 
t h e  s l u r r y  up the v e r t i c a l  l i n e s  i n t o  the preheater .  

preheater  i n t o  the  r e a c t o r  a t  a temperature of about 600 F. 
reac tor ,  the m i x t u r e  is ra i sed  t o  operat ing temperature i n  the  upper sec t ion ,  
o r  Zone 1, is reacted in t he  middle sect ion,  o r  Zone 2, and is cooled back 
down t o  about 1000 F in the lower sec t ion ,  or Zone 3, before leaving the  
reac tor .  

The 5-foot long r e a c t o r  is fabr ica ted  from Haynes 25 a l loy ,  and has a 
Under 

The preheater  furnace and each of t h e  th ree  

A metering 
Pressurized 

The Stage 1 gas-coal-superheated steam mixture is discharged from the  
Upon en ter ing  the 

The product gases, containing the f i n e l y  divided unreacted solids, are 
discharged from the  r e a c t o r  through a water-cooled condenser i n t o  a c a t c h p t  
where the  water condensate and solids are removed. From the  catchpot  the  gases 
a r e  f e d  through a pressure reducing valve t o  a wet test  meter for measurement 
and then on t o  s torage in a gas holder o r  venting t o  the  atmosphere. 

In t he  condenser, cool ing of t h e  gas and f lush ing  of the  s o l i d s  is f a c i l i -  
t a t e d  by in j ec t ion  of water a t  the  i n l e t  t o  t he  condenser a t  a cont ro l led  r a t e  . 
f r m  an a u x i l i a r y  high pressure metering pump. 

Sampling valves are located a t  the  downstream e x i t  of  the  condenser ahead 
of t he  catchpot. Gas leaves in a small stream t h a t  i s  withdrawn continuously 
from the system and monitored f o r  changes i n  composition by means of a thermal 
conduct ivi ty  meter; during predetermined in t e rva l s  samples are taken from t h i s  
stream f o r  chromatographic ana lys i s .  

Argon, added t o  the Stage 1 gas as a t r a c e r ,  i s  used t o  determine any 
changes in gas quant i ty  t h a t  occur during the test .  
of t h e  Stage 1 gas was as follows: 
carbon monoxide, 55 percent ;  and carbon dioxide,  17 percent .  

The approximate canposit ion 
hydrogen, 18 percent;  argon, 10 percent; 

Material  balances a re  es tab l i shed  using the  usua l  data obtained frm weight, 
flow, temperature, and pressure measurements; these  a r e  v e r i f i e d  by comparison 
with the  argon t r a c e r  data. 

I 
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To date,  tests have been made i n  t h e  flow r e a c t o r  using both bituminous 
c o a l  and l i g n i t e  over  a range of conditions approximating those which, at the 
moment, are considered optimum f o r  Stage 2 operat ions.  

Experiments w i t h  t h e  Pi t tsburgh seam coal  used i n  t h e  autoclave t e s t  
showed t h a t  it accumulated i n  the reac tor .  
operations were f a l s i f i e d  by t h e  char  present  i n  t h e  r e a c t o r  and r e s u l t e d  i n  
t o o  high apparent c o a l  conversion. 
small p a r t i c l e  s i z e  (3  microns) remedied t h i s  problem and t h e  reac tor  remained 
free of deposi ts  i n  tests of 12-18 durat ion.  
s i l i ca  lead t o  i r r e g u l a r l y  occurr ing and disappearing pressure buildups in the 
preheater  c o i l  and m a d e  a reduction of the c o a l  content i n  t h e  s l u r r y  necessary. 
This was e s p e c i a l l y  t h e  case when temperatures necessary t o  assure  complete 
vaporizat ion of t h e  water i n  t h e  s l u r r y  and t o  superheat t h e  steam were used i n  
t h e  preheater .  Nevertheless, s a t i s f a c t o r y  tests could be made. Concentrations 
of 20 percent l igni te  i n  s l u r r y  were used. 
s t a b i l i z i n g  the temperature, while feeding gas and water, t es t s  approaching one 
hour of coal  i n j e c t i o n  were made wi th  l i g n i t e .  
of s h o r t  durat ion r e l i a b l e  r e s u l t s  are obtained. The r e a c t o r  i n  a l l  cases was 
p r a c t i c a l l y  free of depos i t s .  There were some occasional  i r r e g u l a r i t i e s  caused 
by t r a n s i e n t  pressure  bui ldups i n  t h e  preheater  or t h e  condenser. 

Even the  r e s u l t s  of very shor t  

Mixing of the c o a l  wi th  s i l i c a  of very 

However, t h e  addi t ion  of 

After heat ing up t h e  system and 

This e s t a b l i s h e d  that i n  runs 

I n  the tes ts  made using s l u r r y  feeding, the  concentrat ion of c o a l  i n  rela- 
t i o n  t o  steam and Stage 1 gas was not as high as v isua l ized  for the  commercial 
p r o y s .  Thus, development of a d r y  c o a l  feeder  in which t h e  coal  feed r a t e  i s  
independent of the amount of water fed i n t o  the  reac tor  represented a major 
improvement over t h e  s l u r r y  feeding system. 
flow reac tor  assembly as modified t o  use the  dry  coa l  feeder  i s  shown i n  Figure 
7 .  

The flow diagram for the continuous 

Source and a n a l y t i c a l  d a t a  on the coals  used a r e  given i n  Table 3. The 
experimental data and r e s u l t s  of tests in t h e  continuous flow reac tor  over a 
wide range of  condi t ions  using both s l u r r y  feeding and d r y  coa l  feeding are 
summarized i n  Tables 4, 5, and 6. The da ta  and r e s u l t s  from t e s t s  wi th  high 
v o l a t i l e  k bituminous c o a l  are shown i n  Table 4. Table 5 presents  data and 
r e s u l t s  from tes t s  w i t h  l i g n i t e  fed  as a s l u r r y  and Table 6 ,  with l i g n i t e  fed  
a s  a d r y  powder. 

DISCUSSION 

I n  t h e  production of high Btu p ipe l ine  gas from coal ,  t h e  object ive i . c  to 
convert the carbon i n  t h e  c o a l  i n t o  as much methane as possible  i n  the  i n i t i a l  
gas i f ica t ion  s t e p ,  and if not i n t o  methane, then i n t o  carbon monoxide which in  
another s t e p  can be converted t o  xcthane b y  c a t a l y t i c  hydrogenation. 

Thus, i n  t h e  present  study on the  d i r e c t  steam methanation of coal ,  e i t h e r  
i n  ba tch  autoclave tes t s  or i n  cor.tinucus flow tests, the  product gases of 
pr inc ipa l  concern are methane, hydrogen, and carbon monoxide, and the  grea te r  
the  amount of methane i n  proport ion t o  the amount of carbon monoxide and hydro- 
gen, the  smaller w i l l  be  t h e  f i n a l  cos t  of the  p ipe l ine  gas.  As an index of 
t h i s  r a t i o  of methaye t o  carbon monoxide and hydrogen, t h e  term "preformed 
methane" has been introduced, and, by def in i t ion ,  i s  the amount of methane i n  
the i n i t i a l  product of g a s i f i c a t i o n  expressed as a percent  of the  t o t a l m e t h m e  
poten t ia l ly  a v a i l a b l e  including t h a t  fran conversion of the  carbon monoxide and 
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TABLE 3. SOURCE AND ANALYTICAC DATA ON TEST COALS 

Source 

S t a t e  

county 

Seam 

Proximate Analysis, $, 

- 

M O S i t W 8  

Ash 

Volatile Matter 

Fixed Carbon 

Calor i f ic  Value, Btu/lb 

Ult b a t e  Analysis, % 

C 

H 

N 

S 

0 (by d i f f )  

Ash 

Pennsylvania 

Allegheny 

Pittsburgh 

As Used 

1.02 

4.74 

37.60 

56.64 

14,100 

79 19 

5.48 

1.52 

High Vola t i l e  A 
Bituminous 

1.35 

7.73 

4.73 

Daf 

- 
- 

39.80 

60.20 

14,970 

03-90 

5.71 

1.62 

1.43 

7.34 

Lignite 

North Dakota 

Mercer 

-- 
As Used 

19.4 

10.8 

27.8 

42.0 

8,540 

51.80 

5.54 

0.64 

1.08 

30.14 

10.80 

Daf - 
- 
- 

40.0 

60.0 

12,270 

74.27 

4.85 

0.91 

1.55 

18.42 

, 
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TABLF, 4. OPERATING DATA AND RESULTS FOR TESTS I N  COWINUOUS 
FLOW REACTOR USING HIGH-VOLATILE B-US COAL 

Test limber 

Operating Conditions 
Temperature, F 
Pressure, atm 
Reactor Volume, cc* 
Residence Time, sec 

Water, g/min 
Partial Pressures of Materials 

H20 
H2 

Input 

i n  Feed Stream, atm 

co 
co2 c in coal, g/min 

Heat i n  Coal, kcal/min 

output 
Product G a s  , N l i t e r s / m i n  
Product Water, N l i t e rs /min  
Par t ia l  Pressures of Materials 

in Product G a s ,  atm 
H20 
H2 

co2 
cH4 

GO 

Heat in  m, kcallmin 
Heat i n  (CO + H2), kcallmin 
Heat i n  Total G a s ,  kcallmin 
C i n  Co&l Gasified, g/min 
Preformed Methane, $ 

C in  (3Q+ 
c i n  (CO + cog) 
C i n  Total Gas 

Yields, Percent C in C o a l  

Yields, Percent Btu i n  Coal 
Btu i n  CH4 
 tu in (CO + HO) 

CFR-4 

1730 
70 

320 
6.5 

- 

24 

35.7 
6.2 
i8.8 
5.6 
0.78H 
7.75 

33.0 
27.2 

31.6 

15.2 
8.3 
0.2 
1.7 
5.5 
7.2 
0.1 
27 

11.4 

12 
3 
15 

21 
.n 
92 

- CFR-7 

1690 
70 
280 
5 

30 

38.0 
5.5 
16.0 
5.0 
2.68 
26.6 

33.0 
35.9 

36.5 
8.6 
16 .o 
5.0 
0.7 
6.7 
6.5 

o.n 
60 

16 

13.2 

- - 

29 
24 
53 

m-8 - 
1720 
70 
180 
3.0 

32 

41.5 
5.4 
15.6 
4.8 
2.37 
23.5 

32.5 
39.8 

38.5 
6.4 
16 .o 
5.7 
0.86 
8.5 
8.6 
17.1 
1.9 
56 

36 
37 
73 

* Within 40 F of maximum temperature. 
* Coal without s i l i c a  i n  t h i s  test. 
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TABLE 5. OPERATING DATA AND AVERAGE RESULTS FOR TESTS USING 
LIGNITE I N  COIWPINUOUS FLOW REACTOR WITH SWTRRY FEEDING 

CF'R Tes t  No. 

Operating Condit ions 
Temperature, F 
Pressure, atm 
Reactor Volume, cc* 
Residence Time, sec 

Input 
Water, g/min 
P a r t i a l  Pressures  of  Materials 

i n  Feed Stream, atm 
H20 
H 2  

co2 c i n  L igni te ,  g/min 
Heat i n  Ligni te ,  kcallmin 

Product Gas, N l l t e r s / m i n  
Product Grater, N l i t e r s l m i n  
P a r t i a l  Pressures o f  Materials 

co 

output 

i n  Product Gas, atm 
H 2 0  
H 2  

co2 
CH4 

co 

Heat i n  CH4, kcal/min 
Heat In  (CO + H2) ,  kcal/min 
Heat i n  Total Gas, kcal/min 
C i n  Ligni te  Gas i f ied ,  g/min 
Preformed Methane, '$ 

Yields,  Percent C i n  Ligni te  
C i n  CQ 
c i n  (CO + cog) 
C i n  Tota l  Gas 

Yields ,  Percent Btu i n  Ligni te  
Btu i n  CH4 
Btu i n  (CO + He) 
Btu i n  Totel Gas 

29A 
1740 
70.0 
274 
3.0 

39.1 

39.1 
6.1 

16.8 
5 -1 

4.70 
43.0 

53.5 
40.2 

30.0 
15.4 
8.3 

12.1 
1 .e6 
13.4 
10.0 
23.4 
1.11 
63.0 

16.3 
7.2 

23.5 

31.2 
23.1 
54.3 

29B 
1740 
70.0 
274 
3 09 

37.1 

49.3 
4.1 

11.2 
3.4 

4.60 
42.0 

31.0 
41.1 

39.8 
11.8 
9.3 

10.0 
1.19 
n . 4  
6.9 

18.3 

68.0 
1.30 

14.4 
14.1 
28.5 

16.5 
43.7 

27.2 

30 

72 .o 
283 
3 -2 

39.6 

1740 

40.5 
6.2 

17.1 
5.2 

4.48 
40.8 

55.1 
40.6 

30.6 
15.3 

13.9 

13.9 
9 -1 

8.2 

1.13 

23.0 

66 .o 
2.40 

17 -9 
35.0 
52.9 

34.0 
22.3 
56.3 

* Within 40 F maximum temperature. 

P 
1740 
84.0 
300 
3.9 

43.5 

51 .O 
7.2 

17.3 
5.4 

5 *05 
46.5 

48.4 
44.9 

40.4 
17.6 
7.3 

13.8 
1.64 
17.2 
2.7 

19.9 
1.46 
88 .o 

19.5 
9.5 

29.0 

37.0 

43.0 
6.0 

32 

1740 
72.0 

202 

- 

3.4 

37.2 

52.6 
3.5 

10.7 
3.1 

7.60 
70.0 

24.8 
42.5 

45.5 
12.0 

3.5 
7.6 
1,96 

33.4 

66 .o 

20.1 
13.3 

1.27 

14.5 
2.2 

16.7 

28.9 
19.0 
47.9 

I 



TABLE 6. O ~ I N G  DATA AM, AVERAGE RESULTS FOR TESTS USING 
LIGNITE I N  CONTINUOUS FLOW REACTOR WITH DRY FEEDING 

CFR Test No. 

Operating Conditions 
Temperature, F 
Pressure, atm 
Reactor Volume, cc* 
Residence Time, sec 

Water, g/min 
Partial Pressures of Materials 

Input 

i n  Feed Stream, atm 
%O 
H2 

co2 c i n  Lignite, g/min 
Heat i n  Lignite, kcallmin 

*duct G a s ,  N l i t e rs lmin  

i n  Product Gas, atm 

co 

out u t  

Product Water, N l i ters /min 
Partial Pressures of  Materials 

H20 

co2 
CH4 

H 
C 8  

Heat i n  C q ,  kcallmin 
Heat in (CO + Hg), kcal/min 
Heat i n  Total Gas, kcal/min 
C i n  Lignite Gasified, g/min 
Preformed Methane, $ 

Yields, Percent C i n  Lignite 
C i n  CHI, 
c i n  ( ~ 6  + C O ~ )  
C in  Total  Gas 

Yields, Percent Btu i n  Lignite 
Btu In  CHI, 
Btu i n  (Ca + H2) 
Btu i n  Total Gas 

33 
1720 
72.0 
242 
3.4 

34.0 

43.3 
5.2 

15.6 
4.6 

9-70 
90.0 

41.2 
36.9 

34.1 
13.4 
7.5 

12.6 
2.3 

28.3 
6.3 

34.6 
3.0 

85 .o 

15.4 
13.9 
29.3 

29.7 
6.6 

36.3 

- 34 

1750 
72 .O 
250 
2.4 

55 

51.1 
3.8 
ri .6 
3.4 

137.5 
14.80 

60.2 
63.4 

33.0 
14.8 
6.5 

12.2 
2.66 
43.9 
33.7 
77.6 
5 0 9 0  
60.5 

16.8 

52.6 

3 . 9  
26.9 
9 .e 

35 -8 

3.- 
1725 
70 .o 
210 
4.2 

6.0 

n.7 
10.7 
32.5 
9.5 

17.x) 
154.0 

45.3 
5.8 

6.9 
13.1 
24.9 
14.3 
5.6 

39.4 
4.6 

44.0 
3.94 
92.0 

12.4 
10.0 
22.4 

24.6 
2.9 

27.5 

* Within 40 F of maximum temperature. 

36 
1780 
70.0 
452 

10.4 

12.4 

24.8 
8.3 

25.3 
7.4 

5-90 
53.5 

37.5 
7.4 

l l . 5  
16.9 
18.5 
16 .o 
2.98 
18.1 
5.6 

23.7 
2.83 
81.0 

17.5 
30.5 
48 .O 

33.9 
10.5 
44.4 

I 

_38 

17-70 
81.5 

445 
8.5 

16.9 

34.0 
8.6 

26.4 
8 .O 

18.80 
174 .O 

49.2 
u. .6 

15.5 
18.0 
19.0 
18.0 
7.24 
51.1 
17.6 
68.7 
6.76 
79 .O 

15.5 
20.9 
36.4 

29.4 
10.1 
39.5 



u2 

1 

hydrogen t o  methane b y  c a t a l y s i s .  
lated according t o  the following equation: 

The amount of "preformed methane" i s  calcu- 

"4 CH4*" E 
3 CHq x 100 

CH + 114 ($ CO + 4'p H 4 2j' 

where 

5 CH4, 3 CO, $ H2 

'I$ CH4*" = percent  preformed methane 

= percent  CH4, CO, % i n  product gas  by analysis  

On a volume basis, hydrogen i s  t h e  main component of t h e  product gas from the 
d i r e c t  react ion of steam with coa l  i n  t h e  autoclave t e s t s .  This i s  i l l u s t r a t e d  
i n  Figure 8,which presents  d a t a  from an  experiment a t  770 C with a t o t a l  reac- 
t i o n  time of 2 hours. 

Over t h e  range of temperature s tudied,  an Increase i n  conversion with an 
increase i n  temperature i s  observed i n  experiments a t  both I2 and 120 minutes; 
and an increase i n  conversion I s  observed wi th  an  increase i n  time at  t h e  same 
temperature. This  i s  shown i n  Figure 9 i n  which t h e  gas y i e l d ,  expressed as a 
funct ion of t h e  Btu content  of t h e  c o a l  charged, i s  p l o t t e d  versus temperature 
at  t h e  d i f f e r e n t  r e a c t i o n  times. An increase i n  res idence time from 12 t o  120 
minutes r e s u l t s  i n  an increase i n  gas y i e l d  of about 15 percent  of the  coal  
heat ing value. A similar increase i s  caused by t h e  addi t ion  of s o d i m  carbonate 
t o  t h e  coal;  however, a d d i t i o n a l  data are needed t o  e s t a b l i s h  t h e  f u l l  s ign i -  
f icance of using c a t a l y s t s .  

Over t h e  e n t i r e  range of experimental condi t ions covered by these experi-  
ments, t h a t  is, pressure ,  60 t o  350 atmospheres; temperature, 730 t o  770 C; 
and, react ion time, 2 t o  120 minutes, methane i s  t h e  main product on a heating 
value basis. 
a t  t h e  10 percent  conversion leve l ,  and it s t i l l  i s  more than 70 percent of the 
t o t a l  Btu i n  t h e  gas  formed even a t  60 percent  conversion leve l .  
from batch autoclave t e s t s  are compared i n  Figure 10 on t h e  b a s i s  of conversion 
of c o a l  t o  gas and formation of "preformed methane.'' 

It c o n s t i t u t e s  more than 90 percent  of the  t o t a l  Btu i n  t h e  gas 

A l l  t h e  data 

Methane i s  formed i n  good y i e l d  as w e l l  as i n  high concentration under the 
conditions of t h e  autoclave tes ts .  
shor t  residence time as required i n  a commercial g a s i f i e r ,  the  temperatures 
must be much higher  than those explored i n  t h e  autoclaves.  
tinuous f l o w  r e a c t o r  was used next t o  a e t e m i n e  t h e  rate of methane formation 
and t o  e s t a b l i s h  t h e  f e a s i b i l i t y  of using c o a l  entrainment i n  Stage 2 of the  
two-stage process .  

However, t o  a t t a i n  t h e  same high y ie lds  a t  

I 

I 

Therefore, t h e  COD- 

Data on t h e  q u a l i t y  of the  product gas obtained i n  t h e  continuous flow 
reac tor  using both P i t t sburgh  seam c o a l  and l i g n i t e  are summarized i n  Figure 11; 
i n  t h i s  graph t h e  y i e l d  of preformed methane i s  p l o t t e d  aga ins t  conversion 
expressed on a Btu basis. I n  addi t ion ,  t h e  curve for t h e  cor re la t ion  of  the 
batch autoclave data and the  y ie lds  used f o r  c o s t  es t imat ing  purposes are shmn 
f o r  comparison. On the  lower r i g h t ,  a cor re la t ion  of t h e  r e s u l t s  obtained with 
Pi t tsburgh seem c o a l  i n  t h e  presence of s i l i c a  i s  given. Lower methane coucen- 
t r a t i o n s  are indica ted  than i n  t h e  autoclave t e s t s .  

i 
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Figure 8. Effect of Time at Temperature on Gas Composition in Batch 
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Figure 9. Effect of Temperature on Gas Yield without Catalyst 
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Figure 11. Correlation of Total Gas Yield and Preformed Methane in 
Continuous Flow Reactor Tests 
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Methane concentrat ions are espec ia l ly  low i n  those tests in which the  
preheat ing of t h e  c o a l  s l u r r y  d i d  not lead t o  complete vaporizat ion of t h e  
water. 
temperature i n s i d e  the r e a c t o r  drops considerably below t h a t  of t h e  reac tor  
walls under such condi t ions,  and thus would e a s i l y  cause these low conversions. 
In l a te r  tests wi th  l i g n i t e ,  methane concentrations and conversions were 
obtained equivalent  t o  those observed i n  t h e  autoclave tests with bituminous 
c o a l .  

In tests with thermocouples ins ide  the  reac tor ,  it was found that t h e  

Experimental r e s u l t s  on only t h e  y i e l d  of methane i n  tests i n  t h e  contin- 
uous flow un i t  a r e  shown in Figure 12; t h i s  is a p l o t  of t h e  methane yield,  
expressed as percent  of t h e  c a l o r i f i c  value of the  c o a l  converted i n t o  methene, 
versus  the percent  of t h e  Btu i n  c o a l  converted i n t o  gas.  The methane coI?cen- 
t r a t i o n s  obtained i n  t h e  flow u n i t  are, as s t a t e d  above, lower than those i n  
t h e  autoclave tests; consequently, the poin ts  i n  t h i s  graph f o r  t h e  continuous 
flow experiments a lso l i e  below the  autoclave cor re la t ion  curve a t  a l l  leve ls  
of conversion. 
c lose t o  those assumed for  t h e  c o s t  ca lcu la t ions  i n  t h e  o v e r a l l  engineering 
evaluat ion of t h e  process  projected t o  c m e r c i a l - s c a l e  operat ion.  ( 2 )  

However, the  poin ts  f o r  t h e  methane y i e l d  on a Btu b a s i s  a r e  

The wide s c a t t e r  of po in ts  on t h e  Figures 11 and I2 are a r e f l e c t i o n  of 
t h e  wide v a r i a t i o n  i n  condi t ions used i n  the tests, and examination of them 
revea ls  c e r t a i n  c o r r e l a t i o n s  t h a t  mer i t  f u r t h e r  considerat ion and study. For 
t h i s ,  the  experiments using l i g n i t e  may be categorized as follows according 
t o  the condi t ions used: 

( a )  Less than 3.5 seconds residence a t  70 atm and e i t h e r  below or above 
a peak r e a c t i o n  temperature of 1760 F. 

Same as ( a ) ,  b u t  more than 3.5 seconds residence t h e .  

Same as ( a ) ,  b u t  a t  81 a t m .  

Same as ( a ) ,  b u t  more than 3.5 seconds residence time and a t  81 atm. 

(b)  

( c )  

(d)  

In Figure 13, t h e  rate of  formation of methane i s  shown as a s t r a i g h t  l i n e  
funct ion of the rate of feeding the l i g n i t e ,  and thus as a f irst  approximation 
independent of other react ion condi t ions.  However, c l o s e r  examination of the 
operat ing condi t ions f o r  each point  on the  graph shows t h a t  high hydrogen 
par t ia l  pressure (above 15  atm) a t  the r e a c t o r  o u t l e t ,  h igh t o t a l  pressure 
(81 versus 70 atm), and high peak reac tor  temperature (above 1760 F versus 
below 1760 F) r e s u l t  i n  methane formation rates higher than those indicated by 
t h e  l i n e  on t h e  graph. 
with hydrogen p a r t i a l  pressures  below 1 3  atm a t  the r e a c t o r  o u t l e t .  

Also data poin ts  below the  curves are f o r  t e s t s  made 

The e f f e c t  of hydrogen p a r t i a l  pressure a t  t h e  r e a c t o r  o u t l e t  (p%) on the 
Except f o r  two poin ts ,  t h e  cor re la t ion  y i e l d  of methane i s  shown i n  Figure 14. 

is good, showing t h a t  increased p% r e s u l t s  i n  increased y ie lds  of methane. 

This ind ica ted  dependence of methane y i e l d  on pH2 leads  t o  a consideration 
of t h e  f a c t o r s  t h a t  a f f e c t  t h e  hydrogen p a r t i a l  pressure a t  t h e  reac tor  o u t l e t .  
The mater ia l  balances f o r  the  various t es t s  show t h s t  the s h i f t  react ion is a 
major source of hydrogen i n  the  product gas.  
to  t h i s  source can be ca lcu la ted  from t h e  equation: 

The amount of hydrogen a t t r i b u t a b l e  

I 
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Figure 13. Effect of Feed Rate on Methane Formation in Continuous 
Flow Reactor Tests Using lignite 
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Figure 14. Effect of Hydrogen Partial Pressure at Reactor Outlet on 
Methane Formation in Continuous Flow Reactor Tests Using lignite 



where Q, CO, C%, +O are t h e  partial pressures of these gases in the feed 
stream enter ing the reactor--where X is the  f rac t iona l  increase or decrease in  
the partial pressure of these gases due t o  reaction--and, w h e r e  K is the equi l i -  
brium constant. Solving this  equation for X t o  obtain the amount of % produced 
by the s h i f t  react ion leads to  a cumbersome quadratic expression. 

sion may be simplified t o  1/2 flm; the  t o t a l  expression for  the  feed 
stream composition (E)  then becomes: 

For use in evaluating experimental resu l t s ,  t h i s  complex quadratic expres- 

E = €I2 + 1/2 4-y 
and is' found t o  cor re la te  wel l  with hydrogen partial pressure at the reactor  
o u t l e t  ( p 5 ) .  

The correlat ion of the yield of methane w i t h  E (Figure 15) is  not as good 
as with p+ (Figure 14); however, t h i s  correlat ion should prove useful  i n  the 
evaluation of data from future  experiments. 
sion of a term i n  the expression E re f lec t ing  the Stage 1 gas/coal r a t i o  w i l l  
improve the correlat ion s ignif icant ly .  

Present indicat ions are that inclu- 

while hydrogen concentration affects  mostly the methane yield the  concen- 

In sp i te  of the sca t te r ,  it is apparent t ha t  high 
t r a t i o n  of the stem/lignite ratio is most pronounced on the y ie ld  of (CO + I$); 
t h i s  is sham in Mgure 16. 
steam/$gnite r a t i o  favor increased yields  of (CO + %). 

In carbon gasif icat ion processes, changes in gasif icat ion rate with 
increased carbon "burn-off" are often observed. 
percent of the Btu i n  l ign i te"  increases with 'burn-off"; it is plo t ted  in Figure 
17 versus the  gasif icat ion rate expressed as kcal/hr/kcal inventory. 
cates that experimental conditions that lead t o  high conversion lead also t o  
high  lignite r e a c t i v i t y  as expressed by the gasif icat ion rate refer red  t o  l i g n i t e  
inventory. The points  obtained in tests with residence time between 2.3 and 4.2 
seconda fa l l  close to  the curve; however, to the left of the curve, sharing a 
lower gas i f ica t ion  rate, are points for two tests with residence time of 8.5 and 
10.4 seconds. 

The quant i ty  of %tu in gas as 

This indi-  

SUMMARY AND CONCLUSION 

In summry, it can be stated that the  experiments i n  bench-scale equipment 
have shown that methane i s  formed from high v o l a t i l e  coals  a t  70 atm pressure 
a t  a r a t e  and in a yield consistent with previous assumptions f o r  the  second 
stage of a conceptual process f o r  gasifying coal. 

operation of a 100 lb/hr internally-heated process and equipnent developient 
uni t .  Shock heating by means of hot Stage 1 gas w i l l  produce a w e l l  defined 
Stage 2 reactor  volume and a temperature gradient simiLar t o  that expected in 
a commercial plant .  A previous economic evaluation of such a two-stage coal  
gasif icat ion process led t o  a pipel ine gas manufacturing cos t  of about 5Qp!/M 
sc f .  

A more def in i t ive  study of the process variables is being planned by 

I 
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Figure 15. Effect of Feed Stream Composition on Yield of Methane 
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Figure 16. Effect of Steam/Lignite Ratio on (CO + Hn) Formation 
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